The ferric uptake regulator (Fur) functions as a transcription repressor of many genes in bacteria in response to iron, but the presence of a functional equivalent of this protein has not been demonstrated in Burkholderia cepacia. A segment of the Burkholderia pseudomallei fur gene was amplified using degenerate primers and used to identify chromosomal restriction fragments containing the entire fur genes of B. cepacia and B. pseudomallei. These fragments were cloned and sequenced, revealing the Fur protein of both species to be a polypeptide of 142 amino acids possessing a high degree of amino acid sequence identity to Fur of other members of the β subclass of the Proteobacteria. Primer extension analysis demonstrated that transcription of B. cepacia fur originated from a single promoter located 36 bp upstream from the fur translation initiation codon. The Fur polypeptide of B. cepacia was shown to functionally substitute for Fur in an Escherichia coli fur mutant. Single copy fur-lacZ fusions were constructed and used to examine the regulation of B. cepacia fur. The B. cepacia fur promoter was not responsive to iron availability, the presence of hydrogen peroxide or the superoxide generator methyl viologen. In addition, fur expression was not significantly influenced by carbon source. Interestingly, the presence of the divergently transcribed omlA/smpA gene upstream of fur in some members of the γ subclass of the Proteobacteria is retained in several genera within the β taxon, including Burkholderia.
INTRODUCTION
The genus Burkholderia includes a number of bacterial species which are pathogenic to animals and\or plants. Two species in particular, Burkholderia cepacia and Burkholderia pseudomallei, are noted for their ability to cause opportunistic infections in humans. B. cepacia was originally identified as a phytopathogen (Burkholder, 1950) but is now also recognized as a cause of serious infections in patients with cystic fibrosis (CF), chronic granulomatous disease, and other medical 
Abbreviation : CF, cystic fibrosis.
The GenBank accession numbers for the sequences reported in this paper are AF317836 and AF153356. conditions which compromise the individual (LiPuma, 1998) . Isolates previously described as B. cepacia are now known to belong to one of at least five closely related species (formerly genomovars) collectively referred to as the B. cepacia complex : B. cepacia genomovars I and III, Burkholderia multivorans (formerly genomovar II), Burkholderia stabilis (formerly genomovar IV) and Burkholderia vietnamiensis (formerly genomovar V) (Vandamme et al., 1997 (Vandamme et al., , 2000 . Isolates belonging to genomovar III are responsible for many deaths among CF patients in Europe and North America (Vandamme et al., 1997) . B. pseudomallei is the causative agent of a range of infections, collectively termed melioidosis, which are endemic to Southeast Asia and northern Australia (Dance, 1991) . Infections caused by B. pseudomallei can range in severity from asymptomatic carriage, through pulmonary disease, to acute septicaemia with a high mortality (Chaowagul et al., 1989 ; Dance, 1991) .
The pathogenic mechanisms of B. cepacia remain to be determined, although it has been shown to secrete a number of extracellular products which may contribute to its pathogenicity. These include haemolysin, protease, lipase, phospholipase C and a cytotoxic factor (Nakazawa et al., 1987 ; Lonon et al., 1988 ; McKevitt et al., 1989 ; Hutchison et al., 1998 ; Melnikov et al., 2000) . B. cepacia also elaborates siderophores as a potential mechanism for acquiring iron from the human host. This bacterium can produce up to five different siderophores of which ornibactin and pyochelin are the most prevalent among clinical isolates (Sokol, 1986 ; Darling et al., 1998) . The production of these siderophores has been correlated with morbidity and mortality in CF patients and\or shown to contribute to pathology in animal models of respiratory infection (Sokol, 1986 ; Sokol & Woods, 1988 ; Sokol et al., 1999) .
Iron acquisition mechanisms in bacteria are induced in response to decreased availability of extracellular iron. Furthermore, for many bacteria, an iron-limiting environment acts as a signal to trigger the expression of a wide variety of additional virulence genes. In Gramnegative bacteria, the most common and bestcharacterized mechanism of gene regulation in response to iron concentration is mediated by the Fur protein (Litwin & Calderwood, 1993 ; Escolar et al., 1999) . Fur (ferric uptake regulator) is a global regulator of ironregulated gene expression originally identified in Escherichia coli (Hantke, 1984 ; Schaffer et al., 1985) . E. coli Fur is a 17 kDa zinc metalloprotein (Schaffer et al., 1985 ; Wee et al., 1988 ; Althaus et al., 1999) which, under conditions of iron sufficiency, forms a complex with ferrous ions (Fe# + ) and binds as a dimer to a conserved 19 bp palindromic DNA sequence, the Fur box (or iron box), present in the promoter region of many iron-regulated genes (Bagg & Neilands, 1987a, b ; Calderwood & Mekalanos, 1988 ; de Lorenzo et al., 1987) . The consensus Fur box sequence GATAATGA-TAATCATTATC was originally interpreted to imply recognition of two symmetrically arranged 9 bp halfsites by a dimeric regulatory protein in the classical fashion (Litwin & Calderwood, 1993) . However, this sequence has recently been re-evaluated as comprising three adjacent NAT(A\T)AT repeats which can be extended by addition of further hexameric units in any orientation (Escolar et al., 1998 (Escolar et al., , 2000 . Binding of the Fur-Fe# + complex to the Fur box inhibits transcription of downstream genes (Bagg & Neilands, 1987a ; de Lorenzo et al., 1987) . Under iron-limiting conditions, the ferrous ion dissociates from the Fur protein and repression of Fur-regulated genes is relieved. This ensures that repression only occurs when iron is readily available (Escolar et al., 1999) . Genes which are known to be recruited to the Fur regulon include those involved in iron acquisition, pathogenicity, carbon metabolism and resistance to oxidative and acid stresses (Escolar et al., 1999) . Fur homologues have subsequently been identified in many other Gram-negative species (Hamza et al., 1999 ; Escolar et al., 1999) and more recently in some Gram-positive bacteria (Bsat et al., 1998 ; Xiong et al., 2000) . Due to the central role that this protein plays in the control of iron-regulated genes, we have cloned and characterized the fur gene of B. cepacia as a starting point for the subsequent identification of genes which comprise the Fur regulon in this organism.
METHODS
Strains, media and growth conditions. B. cepacia 715j (McKevitt et al., 1989) is a Genomovar III isolate from a CF patient (Vandamme et al., 1997 ; Darling et al., 1998) and was maintained on M9 minimal salts agar containing glucose as the carbon source (Clowes & Hayes, 1968) . B. pseudomallei NCTC 11642 was obtained from the National Collection of Type Cultures, London. E. coli JM83 (Yanisch-Perron et al., 1985) was used as the transformation host for all routine cloning experiments involving blue-white colony screening on media containing X-Gal and IPTG. E. coli CC118(λpir) (Herrero et al., 1990) was used for constructing and maintaining pUT derivatives, and BW19851 (Metcalf et al., 1994) was used for mobilization of such plasmids into B. cepacia. E. coli H1780 is a fur mutant which carries a Furregulated promoter-lacZ fusion on the chromosome (fiu ::λplacMu53) (Hantke, 1987) . E. coli H1717 carries a less sensitive Fur-regulated promoter-lacZ fusion on the chromosome (fhuF ::λplacMu53) and is fur + (Hantke, 1987 ; Stojiljkovic et al., 1994) . All E. coli strains were grown in Luria-Bertani (LB) broth supplemented with the appropriate antibiotic for plasmid maintenance at the following concentrations : 100 µg ampicillin ml − ", 25 µg chloramphenicol ml − ".
Cloning of the B. cepacia and B. pseudomallei fur homologues. A segment of the B. pseudomallei fur gene was amplified by PCR from chromosomal DNA (extracted with the Qiagen Genomic-tip kit) with primers BF1 (5h-CGGAATTCGGWCTSAARGTTACCSKSCCGCG-3h) and BF2 (5h-CGTCTAGACAGCACSCGRTARAYSGTSGCCAS-RCC-3h), employing 50 cycles of denaturing (1n5 min at 94 mC), annealing (0n5 min at 50 mC) and extending (2n5 min at 72 mC), using DyNAzyme II (Finnzymes). The single PCR product was digested using the primer-derived restriction sites (EcoRI and XbaI) before being cloned into the high copy number vector pUC18 giving rise to pCAL1. Southern blotting, employing the B. pseudomallei fur PCR fragment as a probe, was used to identify chromosomal DNA fragments containing the B. cepacia and B. pseudomallei fur genes essentially according to Sambrook et al. (1989) . DNA was blotted on to Hybond-N + nylon membrane (Amersham Pharmacia Biotech), following which hybridization was carried out under normal stringency conditions using a probe labelled by the ECL Direct Nucleic Acid Labelling and Detection System (Amersham Pharmacia Biotech). Chromosomal DNA fragments containing fur identified by Southern blotting were eluted from gel slices using the QIAquick Gel Extraction Kit (Qiagen), ligated to pBBR1MCS and used to transform E. coli JM83. Transformants in which the recombinant plasmid harboured the required fur fragment were identified by dot blotting of pooled plasmid minipreparations (10 clones per pool), again using the B. pseudomallei fur PCR fragment as a probe. Individual plasmid clones from within a positive pool were then similarly probed to identify the required plasmid.
DNA sequence analysis. DNA sequencing was carried out using an automated ABI system with fluorescent labelling and pseudomallei fur, and ligated into the corresponding sites of pUC18, giving rise to pAHA20 and pGS300, respectively. For both fur genes, this manipulation results in placement of an NcoI-compatible BspHI site overlapping the translation initiation codon for fur and thus retains the natural second codon of fur (ACC). The fur genes were then transferred from pAHA20 and pGS300 as BspHI-HindIII fragments into the ATG vector pTrc99A digested with NcoI and HindIII, giving rise to pAHA21 and pGS301, respectively. pJMH200 was constructed by amplifying the fur promoter region of B. cepacia as a 330 bp fragment with primers BcfurtaFor (5h-GCGCGTCGACGGCTTTCTCCTGCGAC-AC-3h) and BcfurtaRev (5h-GCGCCTGCAGGCCTTTAGC-CCGATATTCTT-3h) and pCAL4 as template, followed by digestion of the product with PstI and SalI and subsequent ligation into the corresponding sites of pHG165. The positive control plasmid for the Fur titration assay was constructed by annealing two single-stranded oligo-deoxyribonucleotides, FurboxFor (5h-AATTCGATAATGATAATCATTATCA-3h) and FurboxRev (5h-AGCTTGATAATGATTATCATTAT-CG-3h). The resultant double-stranded DNA fragment, containing the consensus 19 bp E. coli Fur box sequence and possessing EcoRI-and HindIII-compatible ends, was ligated into pHG165 giving rise to pGS302.
Plasmid pJMH203, used to construct the chromosomal fur-lac fusion in B. cepacia, was generated as follows. A 680 bp fragment containing the B. cepacia fur promoter and first 76 codons of fur was amplified by PCR with the primers BcfurpFor (5h-GCGCGAATTCGCGCGGCCGCCCCGAG-AAGTTGACCACGA-3h) and BcfurpRev (5h-GCGC-TCTAGACTTGCCGGACTCGAAGTTG-3h) using pCAL4 as template, and ligated into pUC18 following cleavage of the PCR product and plasmid vector by EcoRI and XbaI. The resultant plasmid was named pJMH202. The fur promoter fragment was then transferred as a NotI-EcoRI fragment from pJMH202 into the same sites located upstream of the lacZ gene on the mobilizable suicide vector pUTminiTn5TplacZYA∆B∆K. The resultant plasmid, pJMH203, contains a transcriptional fusion of B. cepacia fur to the lacZ gene.
PCR reactions used for plasmid construction employed DyNAzyme II with a regime of 25 cycles of denaturing (94 mC for 45-60 s), annealing (48-55 mC, depending on the T m , for 30-60 s) and polymerization (72 mC for 60-90 s). For amplification of B. pseudomallei fur, DMSO was included at a final concentration of 5 % (v\v). The nucleotide sequence of all cloned amplified products was confirmed by automated DNA sequence analysis.
RNA isolation. RNA was prepared from cultures (10 ml) grown under aeration at 37 mC in M9 medium containing glucose (0n4 %) and Casamino acids (0n5 %) according to the method of Storz & Altuvia (1994) . Cells were harvested and resuspended in 387 µl TKM (10 mM Tris\HCl, pH 7n5; 10 mM KCl ; 5 mM MgCl # ) to which 27 µl lysozyme (9 mg ml − " in TKM) was added and the cell suspension was frozen at k80 mC. To the thawed cells, 57 µl 10 % SDS, 30 µl 3 M sodium acetate and 887 µl acid phenol (pH 4n3) (Sigma) were immediately added and the mixture was vortexed, heated at 65 mC for 4 min and vortexed again. The upper phase was re-extracted with 887 µl phenol (including the heating step) and then chloroform extracted before precipitating the nucleic acids with ethanol in the presence of sodium acetate (0n3 M). After washing with 70 % ethanol, the precipitate was resuspended in H # O to a final concentration of 4-5 mg ml − " and stored frozen (k20 mC).
Primer extension. Labelled primer was prepared by 5h-endlabelling primer Bcfurtsp (5h-GAATCTTGAGGCGCGGTA-G) (10 pmol) with 50 µCi (185 kBq) [γ-$#P]ATP (3000 Ci mmol − ") (NEN) using T4 polynucleotide kinase (10 units) (Promega) in a volume of 20 µl at 37 mC for 45 min. After heatinactivation of the enzyme, the labelled primer was purified on a Sephadex G-50 column. The primer extension reaction was carried out following incubation of the RNA (40-50 µg) with dNTPs (500 µM each dNTP) and $#P-labelled primer (500 c.p.s.) at 80 mC for 10 min in a volume of 16n5 µl and chilling on ice. Primer extension was initiated by addition of 20 units (1 µl) of enhanced AMV reverse transcriptase (Sigma), 2 µl i10 RT buffer (50 mM Tris\HCl, pH 8n3 ; 40 mM KCl ; 8 mM MgCl # ; 1 mM DTT) and 0n5 µl human placenta ribonuclease inhibitor (0n5 units) and allowed to continue for 1 h at 42 mC. The reaction was terminated by extraction with phenol\chloroform and the nucleic acids were precipitated with ethanol and resuspended in 3 µl formamide loading solution and 3 µl 0n1 M NaOH. The sample was electrophoresed on a 6 % polyacrylamide-urea sequencing gel following denaturation of DNA-RNA hybrids at 90 mC for 2 min. DNA sequencing reactions were run in parallel with the same primer, using pJMH202 as template.
Expression of B. cepacia and B. pseudomallei fur in E. coli. To induce high-level synthesis of B. cepacia and B. pseudomallei fur in E. coli, overnight cultures of H1780 containing pAHA21 or pGS301, grown in LB plus ampicillin, were diluted 100-fold into fresh medium and grown at 37 mC to an OD '!! of 0n4, at which time IPTG (0n5 mM final concentration) was added and incubation was continued for a further 2 h. Samples from these cultures were then subjected to SDS-PAGE in the presence of β-mercaptoethanol and either stained with Coomassie brilliant blue or processed for Western blotting. To test for functional complementation of an E. coli fur mutant, cultures of H1780 containing pAHA21, pGS301 and pUNCH600 were grown as described above to an OD '!! of 0n4 (but without IPTG induction and with the inclusion of 50 µM FeCl $ or 200 µM 2,2-dipyridyl), at which time β-galactosidase assays were carried out.
Western blot analysis of Fur protein.
Western blotting (Sambrook et al., 1989) was employed for the detection of cross-reactive proteins using a polyclonal rabbit antiserum to Pseudomonas aeruginosa Fur. Whole-cell extracts of cultures grown overnight in LB broth were separated on a 12 % SDSpolyacrylamide gel in the presence of β-mercaptoethanol and electroblotted onto a nitrocellulose membrane (Hybond C ; Amersham). The blots were blocked and treated with rabbit anti-P. aeruginosa Fur serum (1 : 1000 dilution). After washing, the blot was treated with biotinylated goat anti-rabbit IgG, streptavidin-horseradish peroxidase and developed with 4-chloro-1-naphthol substrate.
Fur titration assay (FURTA). E. coli H1717 containing pHG165, pJMH200 and pGS302 was plated on MacConkey agar (Difco) containing lactose (1 %), ampicillin (100 µg ml − ") and 30 µM Fe(NH % ) # (SO % ) # and the plates were viewed after incubation at 37 mC for 24 h. Titration of Fur by multicopy Fur boxes was indicated by the formation of red colonies.
Construction of a chromosomal fur-lac fusion in B. cepacia. pJMH203 was introduced into B. cepacia 715j by conjugal transfer using the E. coli strain BW19851 as the donor (Herrero et al., 1990 ; de Lorenzo & Timmis, 1994) and recombinants were selected on M9 minimal agar containing glucose (0n4 %), X-Gal (40 µg ml − ") plus antibiotics (25 µg kanamycin ml − " and 20 µg trimethoprim ml − "). β-Galactosidase enzyme assay. β-Galactosidase measurements were carried out in triplicate on 3 consecutive days according to the protocol described by Miller and results are presented in Miller units (Miller, 1972) . In all cases, cultures were grown with aeration at 37 mC following 100-fold dilution of overnight cultures. For measuring the response of the fur promoter to environmental conditions, the B. cepacia fur-lac fusion strain, AA100, was grown in M9 medium containing glucose (0n4 %) and Casamino acids (0n5 %), except when the effect of carbon source was assessed, in which case only the carbon source under investigation was included in the medium at 0n4 %. To measure the effect of iron limitation on fur transcription, high and low iron conditions were achieved by adding 50 µM FeCl $ and 400 µM Ferrozine. Concentrations of hydrogen peroxide and methyl viologen used were the highest permissible without causing a growth rate defect.
RESULTS AND DISCUSSION

Cloning of the B. cepacia and B. pseudomallei fur homologues
Degenerate oligo-deoxyribonucleotide primers were employed to amplify a segment of the B. pseudomallei fur homologue. The design of these primers was based on conserved motifs within the N-terminal region of Fur and contained a bias such that G or C was favoured at the wobble position. The corresponding amino acid sequence of primer BF1 was GLK(V\I)T(G\L)PR and that of primer BF2 was G(V\L)AT(I\V)YRVL. Using these primers, a single PCR product of the expected size (" 160 bp) was generated from B. pseudomallei genomic DNA which was cloned into pUC18 to create pCAL1. Nucleotide sequence determination of this DNA fragment revealed a high sequence identity to an internal segment (amino acid positions 11-58) of the fur gene from the closely related Gram-negative bacterium Ralstonia eutropha. The amplified B. pseudomallei fur gene fragment was used as a probe to locate the entire fur gene within the genomes of B. cepacia and B. pseudomallei following Southern blotting of restriction-enzyme-digested genomic DNA from both organisms. The probe identified a 2n0 kb SalI fragment from B. cepacia and a 1n1 kb SacI fragment from B. pseudomallei containing the respective fur homologues (results not shown) which were selected for cloning into pBBR1MCS. For each of the two cloning experiments, fur-positive recombinant plasmids were identified by dot blotting pooled plasmid extracts and subsequently subjecting individual clones within a positive pool to the same analysis. pBBR1MCS containing the 1n1 kb fur fragment of B. pseudomallei was referred to as pCAL2 and the plasmid carrying the 2n0 kb fur fragment of B. cepacia was named pCAL4.
DNA sequence analysis of B. cepacia and B. pseudomallei fur
The nucleotide sequences of the two cloned fur fragments were determined. The DNA sequence of the 160 bp PCR product was identified within a 426 bp ORF present within the cloned B. pseudomallei fragment (Fig.  1) . This ORF has an identical nucleotide sequence to the recently reported sequence of the fur gene of B. pseudomallei strain P844 (Loprasert et al., 2000) . An ORF of 426 bp, exhibiting 90 % identity at the nucleotide sequence level with the B. pseudomallei fur sequence, was identified within the cloned B. cepacia DNA (Fig. 1) mass of 16n2 kDa, and exhibits high amino acid sequence identity with Fur proteins from a variety of Gramnegative bacteria. As expected, the B. cepacia Fur homologue exhibits the greatest degree of amino acid sequence identity to the B. pseudomallei Fur protein (95 % identity, 99 % similarity), with amino acid differences occurring at only seven positions. The highest degree of sequence identity outside the genus was found to the Fur protein of the closely related bacterium R. eutropha (80 % identity) but was less marked for the Fur homologues from other β subclass Proteobacteria such as Bordetella pertussis (61 % identity) and Neisseria meningitidis (55 % identity). The predicted B. cepacia Fur polypeptide also exhibited a high degree of amino acid sequence identity with the Fur proteins of members of the γ subclass, including Legionella pneumophila (56 % identity), P. aeruginosa (53 % identity) and enterobacteria such as Yersinia pestis and E. coli (both 54 % identity).
Expression of Burkholderia fur in E. coli and complementation of an E. coli fur mutant
To confirm the identity of the predicted polypeptide products of the Burkholderia fur homologues as being functionally equivalent to Fur, plasmids pAHA21 and pGS301 were introduced into the E. coli ∆fur mutant H1780. On these plasmids the B. cepacia and B. pseudomallei fur homologues are efficiently expressed from the strong inducible trc promoter (Brosius et al., 1985 ; Amman et al., 1988) . Following 2 h IPTG induction, a protein with a molecular mass of " 16 kDa was found to accumulate in whole-cell extracts of cells transformed with pAHA21 (not shown) and pGS301 ( Fig. 2a) , but not in uninduced cells or in cells transformed with pTrc99A. Under these conditions, recombinant B. cepacia Fur accounted for " 4 % total cell protein in H1780 and B. pseudomallei Fur accumulated to " 13 %. Western blotting was employed to demonstrate that the overproduced B. cepacia protein (not shown) and B. pseudomallei protein (Fig. 2b ) crossreacted with anti-P. aeruginosa Fur antiserum.
To determine whether the cloned Burkholderia fur homologues function as iron-responsive repressor proteins, a complementation analysis was performed with H1780. In addition to harbouring a defective fur gene, this strain also carries a Fur-regulated lacZ reporter gene on the chromosome (Hantke, 1987) . Cultures of H1780 harbouring pAHA21 and pGS301 were grown under iron-limiting and iron-replete conditions in the absence of IPTG (the leakiness of the trc promoter allowed for sufficient fur expression to monitor functional complementation) and the activity of the fiu promoter was measured. The results of the β-galactosidase assays demonstrated that expression of the B. cepacia fur homologue results in repression of fiu promoter activity in the E. coli fur mutant in the presence of iron but not in the absence (Fig. 3) . The B. pseudomallei fur homologue has previously been shown to function as a transcription repressor in E. coli (Loprasert et al., 2000) but the iron dependence of this activity was not examined. In accordance with the results of Loprasert et al. (2000) , we found that the B. pseudomallei Fur polypeptide also resulted in repression of the fiu promoter in the presence of iron. However, as expected, repression was relieved in the absence of iron (Fig. 3) . The degree of iron-dependent repression exerted by B. cepacia Fur was approximately 26-fold while B. pseudomallei Fur caused a 14-fold repression. E. coli Fur encoded by pUNCH600 appeared to repress fiu promoter activity under iron-limiting conditions (Fig. 3) as observed previously (Thomas & Sparling, 1994) . However, repression was further enhanced in the presence of iron, giving rise to a 22-fold iron-dependent repression. As expected, the fiu promoter was unresponsive to iron Basic residues at the C-terminus are indicated in white typeface with a dark grey background. Regions of the protein discussed in the text are indicated below the alignment. B.c., Burkholderia cepacia (AF317836) ; B.ps., Burkholderia pseudomallei (GenBank no. AF153356) ; R.e., Ralstonia eutropha (GenBank no. AJ001224) ; B.pt., Bordetella pertussis (GenBank no. U11699) ; N.g., Neisseria gonorrhoeae (GenBank no. L11361) ; N.m., Neisseria meningitidis (GenBank no. U01151) ; E.c., Escherichia coli (GenBank no. D90707) ; K.p., Klebsiella pneumoniae (GenBank no. L23871) ; Y.p., Yersinia pestis (GenBank no. Z12101) ; V.c., Vibrio cholerae (GenBank no. M85154) ; P.m., Pasteurella multocida (GenBank no. AF027154) ; H.i., Haemophilus influenzae (GenBank no. AF020350) ; A.c., Acinetobacter calcoaceticus (AF116722) ; X.f., Xylella fastidiosa (GenBank no. AE00405) ; X.c., Xanthomonas campestris (GenBank no. AF146020) ; P.a., Pseudomonas aeruginosa (GenBank no. L00604) ; P.p., Pseudomonas putida (GenBank no. X82037) ; R.l., Rhizobium leguminosarum (GenBank no. Y13657) ; B.j., Bradyrhizobium japonicum (GenBank no. AF052295) ; B.a., Brucella abortus (GenBank no. AF023177) ; C.j., Campylobacter jejuni (GenBank no. Z35165) ; H.p., Helicobacter pylori (GenBank no. AE000611).
in cells harbouring pTrc99A or pACYC184 (the progenitor of pUNCH600). Confirmation of the polypeptide encoded by the B. cepacia fur homologue as functionally equivalent to Fur permits a detailed examination of the polypeptide sequence for the presence of functional motifs conserved in other Fur homologues. Previous studies have indicated that E. coli Fur harbours two metal ion binding sites per monomer (Jacquamet et al., 1998 ; Althaus et al., 1999) . In common with Fur proteins from many bacterial species, B. cepacia Fur possesses two motifs which may contribute to metal ion binding : an HHDHX # CX # CG motif at position 86-96, which is flanked by highly conserved glutamate residues, and a GXCX # -& C motif very close to the C-terminus (position 130-137) (Fig. 4) . The HHDH segment of the first motif is common to Fur proteins in all the Proteobacteria and is also strongly conserved in Gram-positive bacteria and the cyanobacteria (where HXHHH, HHHXH or HHHHH occurs at the corresponding position) (not shown). However, the CX # C component is less well conserved, being present in members of the β and ε taxa and most members of the γ subclass within the Proteo-bacteria (Fig. 4) , as well as in Gram-positives, the cyanobacteria and the Thermatogales (not shown), but curiously absent in the Fur proteins of the α subclass of the Proteobacteria and in the pseudomonads and related species within the γ subgroup. The C-terminal GXCX # -& C motif exhibits a similar pattern of taxonomic conservation, being absent from the same groups that are devoid of the CX # C motif (Fig. 4) .
The precise role of these motifs in metal ion binding has yet to be fully determined, although the Cys residues have been previously suggested to be involved in metal ion binding (Saito et al., 1991) . It has now been shown that E. coli Fur is a zinc metalloprotein with the two cysteine residues immediately adjacent to the HHDH motif involved in ligating the tightly bound zinc atom (Michaud-Soret et al., 1997 ; Jacquamet et al., 1998 ; Althaus et al., 1999 ; de Peredo et al., 1999) . A second, lower affinity, metal ion binding site is thought to be responsible for binding Fe# + and, with differing affinities, other first row divalent metal ions (Bagg & Neilands, 1987a ; de Lorenzo et al., 1987) . The absence of the cysteine residues in Fur proteins from some members of the Proteobacteria might suggest that only one metal ion binding site is present in these homologues. However, the absence of three of the cysteines does not appear to affect the metal-responsive DNA binding ability of P. aeruginosa Fur (Barton et al., 1996) , and is consistent with the idea that the histidinerich motif contributes part or all of the exchangeable iron-binding centre (Bsat & Helmann, 1999) .
Determination of the transcription start point for B. cepacia fur
The transcription start site for the B. cepacia fur gene was determined by primer extension. Fig. 5 shows the result of the primer extension experiment performed with B. cepacia RNA and a B. cepacia fur-specific primer. The extended primer gave rise to two products of 92 and 93 bases in length, indicating that transcription initiates 28-29 bp upstream of the initiation codon for fur translation. The location of the transcription start point remained the same irrespective of whether the cells were grown under iron-limiting or iron-replete conditions (result not shown). The predicted k10 sequence (TAACAT) exhibits a good match to the consensus promoter k10 sequence for the major species of eubacterial RNA polymerase holoenzyme (4\6 match), whereas the predicted k35 region (ATATCT) displays a poor match to the consensus (2\6 match) and is separated from the k10 hexamer by a non-standard spacer of 18 bp (Fig. 1 ). An analogous primer extension experiment carried out using B. pseudomallei RNA and an appropriate fur-specific primer identified a single extended product and placed the transcription start point for B. pseudomallei fur 29 bp upstream of the start codon for fur translation (result not shown), in agreement with Loprasert et al. (2000) .
The presence of a single promoter upstream of B. cepacia (and B. pseudomallei) fur contrasts with several other species of bacteria, such as E. coli and P. aeruginosa, where fur is transcribed from two promoters Zheng et al., 1999) . This difference may be due to an increased complexity of fur transcription regulation in bacteria where fur is regulated by a dual promoter system. Downstream of both Burkholderia fur coding sequences is a GjC-rich region of hyphenated dyad symmetry followed by a run of thymine residues in the non-template strand. These sequences promote the formation of stable stem-loop structures in the nascent mRNA and are characteristic of rho-independent transcription terminators (Mooney et al., 1998) . The fact that B. cepacia fur appears to be transcribed from a single promoter located immediately upstream of the fur ORF, together with the presence of a potential rho-dependent terminator and a convergently arranged gene immediately downstream of the fur gene, indicates that in common with fur genes from other bacteria B. cepacia fur is translated from a monocistronic mRNA.
Regulation of B. cepacia fur
The fur genes of a number of Gram-negative bacteria, including E. coli and Xanthomonas campestris, are negatively autoregulated in the presence of iron, and in at least one case this has been shown to be due to binding of Fur to a Fur-box-like sequence overlapping the fur promoter (de Lorenzo et al., 1988 ; Loprasert et al., 1999) . To ascertain whether or not there are sequences in the promoter region of B. cepacia fur which function as Fur boxes, we carried out a Fur titration assay (FURTA) (Stojiljkovic et al., 1994) . This assay detects Fur-box-like sequences by their ability to compete with a weak Fur box for binding by the E. coli Fur protein. In this system, the competing Fur box is located at the fhuF promoter, which is transcriptionally fused to the lacZ and lacY genes on the chromosome of E. coli strain H1717. Titration of Fur by multicopy Fur boxes is manifested by an increased β-galactosidase activity and may be monitored at a phenotypic level as a change from a Lac − to a Lac + phenotype. For this assay, we constructed two plasmids derived from pHG165 : one contained " 330 bp of the fur promoter region from B. cepacia (pJMH200) and the other, serving as a positive control, contained a consensus E. coli Fur box (pGS302). As expected, E. coli H1717 containing pHG165 produced white (Lac − ) colonies on MacConkey-lactose agar containing 30 µM Fe(II) whereas H1717 harbouring pGS302 gave rise to red (Lac + ) colonies. However, H1717 containing pJMH200 also gave rise to white colonies.
As Fur indirectly regulates expression of some transcriptional units in response to iron, for example, through the action of a Fur-regulated transcription activator (Heinrichs & Poole, 1996) , we decided to examine in a more direct way whether fur was regulated by iron in B. cepacia. A mobilizable suicide plasmid was constructed in which the B. cepacia fur promoter region was positioned upstream of the lacZ gene (pJMH203). This plasmid was conjugated into B. cepacia 715j and exconjugants harbouring plasmid co-integrates were selected on M9 agar containing X-Gal. Lac + recombinants, which appeared at a frequency of " 1n0i10 −' per recipient, arose through a single crossover event between cloned B. cepacia sequences present on the plasmid and the fur locus of the bacterium. Southern blotting was used to confirm the integrity and chromosomal location of the integrated plasmid and to distinguish single co-integrates from multiple co-integrates (results not shown). Western blotting of whole-cell extracts with anti-P. aeruginosa Fur antiserum and examination of siderophore production using CAS plates (Schwyn & Neilands, 1987) was used to confirm that a functional copy of fur remained on the chromosome in strains harbouring single plasmid co-integrates (results not shown).
A representative strain harbouring a single plasmid cointegrate (AA100) was grown at 37 mC under ironlimiting and iron-replete conditions and the β-galactosidase activity in exponential phase cultures was measured. The assays revealed that transcription of fur in B. cepacia is not significantly influenced by iron availability (Fig. 6 ). The absence of iron regulation of fur in B. cepacia has also been observed for fur genes in other Gram-negative species such as P. aeruginosa, Bradyrhizobium japonicum, Rhizobium leguminosarum and Campylobacter jejuni (de Luca et al., 1998 ; Hamza et al., 1999 ; van Vliet et al., 2000) . The effect of other metal ions (Mn# + , Zn# + , Ni# + and Cu# + ) on the B. cepacia fur promoter was also tested and found to exert negligible effects on fur transcription (data not shown). The fur-lacZ fusion strain was also used to ascertain whether fur promoter activity responds to other environmental cues which have been shown to influence fur gene expression in some other Gramnegative bacteria. In contrast to the E. coli fur gene, transcription of which is activated by oxidative stress (Zheng et al., 1999) , no effect of hydrogen peroxide or the superoxide generator methyl viologen was observed on fur transcription in B. cepacia (Fig. 6) . The absence of any observable effect of iron or oxidative stress on the transcription of B. cepacia fur parallels the results obtained with the B. pseudomallei fur gene (Loprasert et al., 2000) . As a binding site for CRP (the cAMP receptor protein) is also present at the E. coli fur promoter, suggesting an influence of carbon source availability on iron homeostasis in this bacterium (de Lorenzo et al., 1988) , B. cepacia fur promoter activity was also examined in the presence of different carbon sources. However, the nature of the carbon source (glucose, Casamino acids or succinate) was not found to exert any significant effect on the activity of this promoter (results not shown).
Chromosomal organization of fur genes
Upstream of the B. cepacia and B. pseudomallei fur genes is a segment of a divergently transcribed ORF (the first 186 codons were determined for B. cepacia and the first 133 codons for B. pseudomallei) (Fig. 1) . The predicted amino acid sequences of the two polypeptide fragments exhibited 84 % identity with each other over the N-terminal 133 amino acids. Database searches revealed them to exhibit a high degree of sequence similarity to the N-terminal segment of the precursor form of an outer-membrane lipoprotein present in other Gram-negative bacteria, most notably OmlA of Bordetella pertussis (GenBank no. AJ238308), Pseudomonas fluorescens (GenBank no. AF050677) and P. aeruginosa (GenBank no. AF050676) , as well as to the SmpA lipoprotein (an OmlA Fig. 7 . Organization of fur and omlA homologues among selected members of the β and γ subclasses of the Proteobacteria. The direction of transcription of each gene is indicated by an arrow. Flanking genes are also shown where known. Products encoded by each gene are : aat, leucyl/phenylalanyl-tRNA-protein transferase ; alc, allantoicase ; allA, ureidoglycolate hydrolase ; dapB, dihydropicolonate reductase ; fur, ferric uptake regulator ; gapA, glyceraldehyde-3-phosphate dehydrogenase ; grpE, heat-shock protein ; hrcA, heat-inducible repressor ; omlA, outermembrane lipoprotein ; orfX, unknown function ; phcA, LysR-type activator ; recN, recombination protein ; smpA, small protein A (an outer-membrane lipoprotein) ; yfjB and yfjF, functions unknown. Abbreviations for bacterial species are as indicated in Fig. 4 . Not to scale.
homologue) present in a number of other Gram-negative bacteria.
Downstream of the B. cepacia fur gene, two ORFs can be identified on the 2n0 kb SalI fragment with an orientation opposite to that of fur (data not shown ; Fig.  1 ). The predicted translated product of the gene immediately downstream of fur exhibits a high degree of sequence similarity to a putative ureidoglycolate hydrolase from P. aeruginosa (44 % identity) (GenBank no. AE004580). Other homologues exhibiting 40 % identity include the ureidoglycolate hydrolases encoded by the allA genes of E. coli and Salmonella enteritidis (also known as glxA2 or ybbT) (Pattery et al., 1999 ; Cusa et al., 1999) . The ORF upstream of the B. cepacia allA homologue, for which only partial sequence was obtained, encodes a polypeptide possessing 61 % identity with the corresponding region (85 amino acids) of a putative allantoicase (Alc) of P. aeruginosa (GenBank no. AE004580). Both genes are involved in the metabolism of allantoin, an intermediate in the degradation of purines, and are similarly organized in P. aeruginosa.
The nature and organization of the genes flanking fur in B. cepacia is interesting from a phylogenetic point of view. Database searches revealed that the divergent arrangement of the fur and omlA genes is retained in other members of the β subclass of the Proteobacteria (Fig. 7) . This organization has been previously noted in P. aeruginosa and P. fluorescens , and is also conserved in Xylella fastidiosa and Xanthomonas campestris, all of which are members of the γ subclass of the Proteobacteria. However, in other species within the γ subclass, such as members of the Enterobacteriaceae (E. coli), Vibrionaceae (Vibrio cholerae) and Pasteurellaceae (Haemophilus influenzae), this relationship does not exist (Fig. 7) . The organization of genes downstream of B. cepacia fur contrasts with the situation in other members of the β subclass for which DNA sequence information is available. Among the Proteobacteria, recN is most frequently located downstream of fur, and in the case of E. coli and V. cholerae the positional relationship between the omlA\smpA and recN genes is also retained, although these genes are no longer separated by fur (Fig. 7) .
In summary, we have identified the fur gene of B. cepacia and shown that it is transcribed from a single promoter that is not subject to regulation by iron or oxidative stress. This will provide a useful starting point for the analysis of iron-regulated genes in B. cepacia.
